We present a detailed set of measurements from a piloted, sooting, turbulent C 2 H 4 -fueled diffusion flame. Hybrid femtosecond/picosecond coherent anti-Stokes Raman scattering (CARS) is used to monitor temperature and oxygen, while laser-induced incandescence (LII) is applied for imaging of the soot volume fraction in the challenging jet-flame environment at Reynolds number, Re = 20,000. Single-laser shot results are used to map the mean and rms statistics, as well as probability densities. LII data from the soot-growth region of the flame are used to benchmark the soot source term for one-dimensional turbulence (ODT) modeling of this turbulent flame. The ODT code is then used to predict temperature and oxygen fluctuations higher in the soot oxidation region higher in the flame. 
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INTRODUCTION
Radiative heat transfer from fires and sooting flames in general is dominated by emission and absorption from soot, making accurate soot modeling essential for practical risk analysis. Radiative heat transfer from sooting flames is generated in high-temperature regions by emission from hot soot. In lower temperature regions, soot can act as an absorber, providing shielding of the surroundings from flame radiation. These effects are captured in heat-transfer calculations for fire risk assessment through the radiative transfer equation (RTE),
In Eq. 1, the subscript  indicates the optical wavelength, while b indicates blackbody conditions at the local temperature, T; I is the radiation intensity,  is the absorption coefficient and s is a spatial coordinate. Eq. 1 is a simple statement that the change in radiation intensity along a lineof-sight path is equal to emission minus absorption (when scattering is neglected). Emission is represented by the first term on the right-hand side of Eq. 1, while absorption is indicated by the second term.
Reliable, experimentally validated evaluation of Eq. 1 is a requirement for accurate fire risk assessment modeling and requires knowledge of both the temperature and the soot concentration (through   ) fields, which also must be adequately predicted. Soot is a particularly vexing part of fire radiation problem. Soot formation remains a topic of considerable debate, and soot transport is complicated because its diffusion is slow relative to other scalar quantities and, therefore, is not well-scaled by the mixture fraction [1] . Because of these complications, experimental measurements of both the soot concentration and the local temperature in realistic turbulent flames are needed. Measurement of these two "pieces of the fire radiation puzzle" should have high spatial resolution to resolve the highly strained soot containing regions as well as adequate temporal resolution to capture turbulent fluctuations.
Sooting, turbulent environments present significant challenges to any measurement campaign. Physical sensors, such as thermocouples and extractive sampling probes, are invasive, readily clog or coat with soot, suffer from both radiative and conductive bias errors, and can exhibit limited time resolution due to probe thermal inertia [2] . Laser and optical diagnostics can overcome these disadvantages, but are additionally challenged by optical background arising from soot luminosity, scattering and absorption, and by heat transfer to the optical setups. Nevertheless, optical techniques have been successfully applied to sooting turbulent flames for spatially and temporally resolved measurements [3, 4] , and have recently been applied to meterscale turbulent pool fires for temperature and soot field evaluation [5] [6] [7] [8] at the Sandia FLAME facility.
In this work, we present measurements of the temperature and soot fields in a turbulent ethylenefueled jet flamer under laboratory conditions. This flame represents a canonical geometry that is amenable to soot radiation modeling, and permits us to acquire much larger data records needed to generate the statistical quantities in Eq. 1 than would typically be possible in large test facilities like FLAME, with lower cost and higher fidelity. Flame temperatures are measured using ultrafast coherent anti-Stokes Raman scattering (CARS), which additionally provides information on oxygen content and potentially some product species. The addition of ultrafast laser pulses to the CARS technique also permits us to sample at a data rate that is 100× faster than in [5] , with significant reduction in measurement uncertainty. Soot volume concentration is imaged using laser-induced incandescence (LII). The soot measurements are used to benchmark soot-production terms in one dimensional turbulence (ODT) simulations which are being conducted simultaneously [1] .
EXPERIMENTAL FACILITIES

Piloted Jet Flame Burner
A piloted, turbulent C 2 H 4 jet flame at Reynolds number Re = 20,000 is established using the piloted burner design described in detail by Zhang et al. [9] . Digital photographs of the burner are shown in Figure 1 . A D = 3.2-mm main-jet fuel tube is centered in a 15.2-mm inner-diameter stainless steel tube which contains the premixed pilot flame gases. The annular space formed by the inner fuel jet and the outer pilot flame assembly is capped with a perforated plate, upon which a lean premixed pilot flame is stabilized. The pilot and main jet tubes are surrounded by a conditioned coflow air assembly, which is 152-mm × 152-mm square. The main fuel jet is pure C 2 H 4 at a flow rate of 26.2 SLPM, and the pilot-flame gas flows are 0.53 SLPM of C 2 H 4 and 8.4 SLPM of air. Coflow air is supplied at 1500 SLPM, which results in a coflow velocity of 1.07 m/s at the burner face. Short-and long-exposure photographs of the resulting jet flame are shown in Figure 2 . The visible flame height indicated by soot luminosity is ~850-900 mm. The soot distribution in this flame has been mapped via planar LII by Shaddix et al. [10] , who report peak soot volume fractions of f v ~ 0.5-0.6 ppm along the flame centerline. This degree of soot loading presents a significant challenge for many laser-diagnostic approaches due to high levels of soot absorption and scattering, background luminosity and heat flux to the surrounding optics. 
Coherent Anti-Stokes Raman Scattering Instrumentation
At present, we have acquired pure-rotational CARS measurements of temperature and relative oxygen content within the region of peak soot loading and into the soot oxidation region, specifically for z/D = 127-175. The hybrid, pure-rotational CARS scheme used for the jet-flame measurements is described in detail in [11] and is briefly summarized here. A schematic of the CARS optical setup is provided in Figure 3 . A rotational Raman coherence is prepared by 100-fs-duration pump and Stokes laser pulses (shown in red) whose spectra are centered at 803 nm, with 190 cm −1 bandwidth, and pulse energies of ~100 J/pulse. A 400-nm, 5-ps-duration probe pulse (shown in blue) is phase-locked to the pump/Stokes preparation and introduced at a delay of  = 16 ps to generate the CARS signal. The high-energy, 800-1000 J, probe pulse is generated using second-harmonic bandwidth compression [11] to convert broadband 100-fs pump pulses to frequency narrow probe radiation with a bandwidth of 3.5 cm −1 . A 500-mm focal length beam-crossing lens focuses the pump, Stokes and probe beams in a planar BOXCARS [12] configuration. The resulting CARS measurement volume is ellipsoidal and is ~100 m in diameter with 90% of the CARS signal generated in a 1.8-mm axial length.
The resulting CARS signal is monitored at 1 kHz using a dual-channel detection system that optimizes the dynamic range of the temperature measurements. Enhanced dynamic range is required in turbulent flames, where the local temperature can vary from near room temperature to over 2000 K on a shot-to-shot basis. Over this temperature range, CARS signal strengths can vary by a factor of several hundred to a thousand, so that the dynamic range of a single detector is not sufficient to capture the full span of thermal conditions. Approximately 4% of the total CARS signal is split using a 3-degree uncoated glass wedge and sent to the "cold-channel" detection system, while 96% of the total signal is transmitted through the wedge to the "hotchannel" detector for the bulk of the combustion gas measurements. The "hot channel" is composed of a 1-m spectrograph with an 1800 l/mm grating that is coupled to a backsideilluminated electron-multiplying CCD (Andor Newton) detector, with 16-bit dynamic range. The "cold channel" is constructed from a lower-resolution 0.33-m spectrometer coupled to a second electron-multiplying CCD (Andor iXon), digitized at over 15 bits. Electron-multiplication gain was not applied in these measurements. Sensitivity of the hot channel detection is optimized for detection of low CARS signals from high-temperature combustion gases by a 2× binning of the horizontal pixels in conjunction with high detector gain setting of ~1e − /count. Cold-channel sensitivity is tuned for significantly larger CARS signals by using neutral density filters and a reduced detector gain of as little as 17 e − /count to avoid saturation that results from high peak signals from cold gas transported into the measurement volume. The dispersion of the two channels is ~0.96 and ~0.71 cm −1 /pixel, for hot and cold detection, respectively, while the resolving power of the hot-channel detection is ~3× greater that of the cold.
CARS spectra are recorded at 1-kHz data rate with 10,000 laser shots (10-second duration samples) acquired at each spatial location. Single-laser-shot spectra are accepted as valid when peak counts are below saturation while remaining above a threshold level of 500 peak detector counts. Typical valid shot counts were 95-99% for the combined data yield of both hot and cold channels at each spatial location. Ensembles of several hundred thousand single-laser-shot CARS spectra were acquired from the turbulent flame in order to obtain well-converged temperature and oxygen statistics. The spectra were fit to a theoretical spectral model using a parallelized Matlab cluster. Uncertainty in the temperature and oxygen measurements was assessed in stable premixed C 2 H 4 /air and H 2 /air flames [11] . Temperature measurement accuracy was generally 3-5%, while the accuracy of the O 2 /N 2 ratio was 5-10% when O 2 /N 2 was greater than ~6%. At lower O 2 /N 2 , measurement accuracy degrades as the single-shot detection limit of a few percent O 2 /N 2 is approached. The precision of the measured temperatures was 1-2% when the signal exceeded ~1600 detector counts, degrading to roughly 6% for the threshold level of 500 counts. Precision in the O 2 /N 2 ratio was 2% or better for similar range of CARS signal strengths, and degraded to ~15% as the 500-count threshold limit was approached.
Laser-Induced Incandescence Instrument
A schematic of the laser-induced incandescence (LII) instrument used for soot-volume-fraction imaging is shown in Figure 4 . A Q-switched Nd:YAG laser provided 800 mJ pulses of ~8-ns duration at a repetition rate of 10 Hz and a wavelength of 1064 nm. A combination of cylindrical and spherical lenses was used to create a thin sheet of laser light, which was ~30 mm in height along the streamwise direction of the jet flame gases, with a focused beam waist near 100 m achieved along the centerline of the flame. Laser radiation is readily absorbed by soot, which is subsequently heated to temperatures that can approach the soot vaporization point in excess of 4000 K [13] . As a result of the nonlinear T 4 -T 5 scaling † of soot thermal radiation, the laserheated soot emits thermally at levels that overwhelm the luminosity from nascent soot at much lower flame temperatures near 1400-1800 K. An intensified CCD camera is used to image the incandescent thermal emission using a narrow 30-ns gate (exposure), which is timed promptly with the arrival of the LII laser pulse. For nanometer-sized soot primary particles, the incandescent soot emission is nearly proportional to the volume of the emitting soot aggregates [13] , so that the LII signal is essentially proportional to the local soot volume fraction, f v, in the flame, thereby constituting a soot volume concentration diagnostic.
The Nd:YAG laser fluence high enough to operate in the so-called plateau-level [7, 13] regime, where the LII signal is largely insensitive to absorption of the interrogating laser beam at it propagates to the measurement volume at the center of the flame. Soot LII images were calibrated against laser light extinction measurements in a laminar C 2 H 4 diffusion flame using the approach described by Frederickson et al. [7] . Using this procedure, the accuracy of the sootvolume-fraction data is estimated to be 23%, which primarily results from uncertainties in literature values of the soot refractive index and from the uncertainty in the light-extinction data used for calibration. 
RESULTS AND DISCUSSION
Single-laser-shot LII images of soot volume fraction are shown in Figure 5 . The images represent an essentially instantaneous (30-ns resolution) snapshot of the instantaneous structure of the soot field in this highly turbulent flame over a field of view that is ~29 mm (9.1D) per side. The spatial resolution in these soot measurements is ~60 m with an out-of-plane resolution that is dictated by the laser sheet thickness, ranging from ~100 m at the center of the images, where the laser sheet is most tightly focused, to about 300 m at the lateral edges of the images where x/D = ± 4. At this level of spatial resolution, the structure of the highly strained soot structures, which can be submillimeter, is well resolved. These LII images were recorded at a height of z/D = 103 -112 above the burner, a region of the flame that earlier measurements by Shaddix et al. [10] reveal to be primarily described by soot growth.
LII images were taken with the field of view centered at three additional heights in the soot growth region, at z/D = 77, 87, 97 in addition to 107 in Figure 5 . Probability densities (pdf) the turbulent soot-volume-fraction fluctuations could then be generated by binning the LII realizations from all pixels and for all of the 500 single-laser-shot images acquired at each height above the burner. These pdf data are shown in Figure 6 , where the LII-measured results are shown as dashed lines with predicted soot pdf results from one-dimensional turbulence (ODT) modeling [1] shown as solid curves. The source term in the ODT model was calibrated to obtain the best possible agreement with the mean soot f v measured by LII. Measured and predicted soot pdf results are qualitatively similar, but with some distinct quantitative differences. The LIImeasured pdf data display distinct maxima away from zero, which move toward larger soot f v with increasing height in the flame, as one might expect in this range of z/D where soot growth dominates. These maxima are all below 0.1 ppm in this region. In contrast, the modeled pdf results consistently display a most probable soot concentration at zero, with secondary maxima which exceed the values in the measured pdf data, increasing from ~0.1 to 0.25 ppm as z/D increases from 87-107.
CARS temperature measurements were performed higher in the flame at z/D = 130 -175, where the temperatures predicted by ODT with the soot source term calibrated lower in the flame can be compared to the experiment. Single-laser-shot fs/ps rotational CARS spectra obtained at the radial centerline of the jet flame at a height of z/D = 175 are shown in Figure 7 . This location is within the soot oxidation/overfire region, where the Shaddix et al. LII measurements [10] indicate a mean soot volume fraction near 0.3 ppm. Similar quality spectra were obtained lower in the flame, in the region where soot loading peaks near f v = 0.5−0.6 ppm-a peak soot loading that results in the most stringent test for the CARS diagnostic. The spectra are free of nonresonant background in this heavily sooting hydrocarbon rich flame, and are well fit by the theoretical CARS spectral model [11] . Spectra on the left-hand side of the Figure 7 (a,b) were obtained from the hot-channel detector, while the results on the right-hand side have been obtained on the cold-channel under conditions where the hot-channel detector is saturated. Between the spectrum in Figure 7d , at T = 585 K, and the spectrum in Figure 7a , fitted to T = 1885 K, the expected CARS signal strength changes by a factor of 160, illustrating the enhanced dynamic range offered by the two-channel CARS detection system. Ensembles of single-laser-shot CARS spectra have been obtained on a grid of spatial locations throughout the region of peak soot loading and into the soot-oxidation region of this turbulent flame. These spectra are presently being analyzed to extract spatial profiles of temperature and O 2 /N 2 ratio. A sample set of mean temperature and oxygen profiles obtained at a heights of z/D = 134 and 175 are shown in Figure 8 , with corresponding profiles of the rms fluctuations shown in Figure 9 . Peak soot volume loading is reached at z/D = 134, where a peak mean temperature near T = 1700 K is observed near r = ± 15 mm (r/D = 4.7). By z/D = 175, the flame tip has closed, with the peak temperature now observed along the jet centerline. Turbulent fluctuations of both temperature and oxygen are observed to peak at a radial location of 35 mm, or r/D ~ 10 throughout this region of the flame.
Comparison of the CARS measurements to the ODT predictions is made in Figure 10 , 
SUMMARY, CONCLUSION AND PATH FORWARD
High-fidelity laser diagnostics have been used to probe a sooting turbulent jet flame environment. Ultrafast CARS has been successfully implemented with enhanced dynamic range, using a two-channel detection system implemented specially for this application. LII measurements of soot were additionally conducted and the LII data from the soot growth region have been used to tune soot source terms in ODT modeling of soot radiation and transport in this turbulent flame. Using this tuned soot-production model, the ODT model was able to predict the measured temperatures higher up in the flame, within the soot-oxidation region. ODT-predicted temperatures were within 1−2% of CARS measurements across the bulk of the lean side of the mixture-fraction space.
Future measurements will include product species, such as CO 2 and H 2 to begin to test the fire modeling tools on the rich side of the mixture fraction space. We are additionally implementing a newly developed [14] CARS imaging technique to obtain two-dimensional images of the temperature field simultaneously with soot LII. This new approach will allow us to spatially overlap the CARS temperatures with soot fields of the type shown in Figure 5 . These simultaneous measurements will permit us to generate joint temperature/soot statistics to adequately measure the RTE emission term in Eq. 1.
